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Abstract 
In this study, A356/Al2O3 metal matrix composites were fabricated by conventional stirring and semisolid processing 
(combination of mechanical stirring in the mushy zone and cooling slope casting) and these composites were subjected to wear 
tests. The composites containing various weight fractions of Al2O3 particles (1%, 2.5% and 5%) were used in both conventional 
and rheocasting processes. In conventional stirring, the primary phase remained dendritic while in rheocasting the dendritic 
primary phase transformed into a globular microstructure. The influences of these processes on the hardness and wear behaviour 
of the composites were investigated. A pin-on-disc tribometer was used to carry out tribological tests under dry sliding conditions 
in air. Wear tests were carried out at 1.0 m/s sliding speed under a 20N load and four different sliding distances. A scanning 
electron microscope was used to examine the wear mechanism on the worn surfaces of the composites. The results showed that 
the volume loss of the composites produced by semisolid processing was lower than that of those produced by conventional 
casting. Based on wear rate ranges, all metal matrix composites exhibited moderate wear regimes. The dominant wear 
mechanism for all materials was ploughing, with some delimitation. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Metal matrix composites (MMCs) are used widely for high performance applications such as structural 
applications, aircraft, aerospace, electronics, and automobile industries due to their improved properties such as 
hardness, tensile strength at room and elevated temperatures, wear resistance combined with significant weight 
savings compared to unreinforced alloys [1]. Aluminum is the most commonly used metallic matrix. Aluminum 
matrix composites (AMCs) have been proven useful for a variety of engineering applications [2]. 
Metal matrix composites are manufactured using different techniques. These techniques can be classified into 
liquid phase processes (casting), liquid–solid processes (semi-solid forming) and solid-state processes or powder 
metallurgy [3, 4]. The powder metallurgy technique is widely used in the manufacture of particle MMCs and it is 
more cost effective than the casting methods, but it cannot be used for the production of complex shapes [3]. 
Compared with powder metallurgy, liquid processing which involves the stirring of the particles into melt has 
some advantages: better matrix–particle bonding, easier control of matrix structure, low cost, simplicity, a nearer net 
shape can be produced and there is a wide selection of materials that can be used in this method [4]. However, the 
casting process has two main problems: first, the reinforcement particles are generally not wetted by the liquid metal 
matrix, and second, the particles tend to sink or float according to their density relative to the matrix liquid. As a 
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result, the distribution of the particles is not uniform, whereas powder metallurgy allows the uniform dispersion of 
the reinforcement particles. To overcome the above problems, recently some researchers have worked on production 
of feedstock for A356 MMCs through semi solid processing. The results showed that there was an improvement in 
the wettability between the reinforcement and matrix, better uniform distribution, lower porosity and enhanced 
mechanical properties when the particles were introduced into the semisolid slurry temperature [4,5,6].  
Semisolid forming has many advantages, such as complex shapes can be formed with some reduction in forming 
steps and with near net shaping capabilities, less energy consumption, less solidification shrinkage, prolonged die 
life, good filling of the die and improved mechanical properties [7, 8]. The production of raw material for semisolid 
processing requires specialized techniques such as mechanical stirring, inductive electromagnetic stirring and the 
cooling slope method. Of all the techniques employed to produce thixotropic microstructure feedstock, the cooling 
slope casting method is particularly attractive because  it is simple, requires a very low amount of equipment and is 
therefore cost effective[9,10,11].  
There appears to be no literature that discusses the influence of the cooling slope casting process on the wear 
properties of the MMCs. Therefore this study aims to produce A356/ Al2O3 MMCs through conventional stirring 
and the cooling slope casting process to investigate the respective wear properties of the materials thus produced.  
2. Experimental Procedures 
 
2.1. Materials 
 
A356 alloy was chosen as the matrix material in ingot form while Al2O3was chosen as the reinforcement material 
in particle form with size of 10μm and was supplied by Skyspring nanomaterial Inc, USA. The chemical 
composition of A356 matrix alloy is given in Table 1.  
                     Table 1.Chemical composition of A356 alloy (wt %). 
 
Alloy  Si Fe Cu Mn Mg Cr Ni Zn Ti Pb Sn Al 
A356 6.5 0.35 0.20 0.10 0.45 0.10 0.10 0.10 0.20 0.10 0.05 Bal 
 
2.2. MMC Production 
 
Three different A356/Al2O3 MMCs with three levels of Al2O3particles of 1, 2.5 and 5 wt. % were produced by 
conventional stirring and by the semisolid processing technique (stirring in the mushy zone and cooling slope 
casting), as shown in Fig. 1.  
Melting was carried out using a silicon carbide crucible with a diameter of 100 mm and height of 250 mm 
inserted in a laboratory electric resistive furnace with a maximum temperature of 1100°C. Mixing was carried out 
using a turbine-type stirrer with a maximum speed of 450 rpm. The solidus and liquidus temperatures of the A356 
alloy were estimated byDifferential Thermal Analysis (DTA) to be 556°C and 617°C, respectively, in order to 
ascertain the semisolid zone of the alloys to be used for semisolid processing. 
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Fig. 1. Cooling slope casting. 
 
For conventional stirring, after the metal matrix was melted completely in the crucible at 700 ºC the stirrer was 
switched on at 350 rpm and at the same time the particles were preheated to a temperature of 450 ºC before being 
injected into the melt when the vortex was formed. After stirring for 15 minutes the mixture was directly poured at a 
temperature of 650ºC into steel mould and allowed to solidify. 
In the case of cooling slope casting, before particle injection, the molten metal temperature was reduced to the 
semisolid zone, i.e. 605 ºC, and the mixer was switched on. After completing the particle addition, the mixer was 
switched off and temperature was increased to 620 ºC to facilitate the pouring process. The mixture was then poured 
onto the surface of a 300 mm length, 60º angle cooling slope plate made of mild steel before it was collected in the 
steel mould. The surface of the cooling slope plate was coated with a thin layer of boron nitride in order to prevent 
the mixture from sticking to the plate. Samples were then prepared from the produced MMCs for microstructural 
examination and hardness measurements.  
 
2.3. Wear Test  
 
Sliding wear tests were carried out using a pin-on-disc type of wear apparatus, the counterface material was an 
EN31 tool steel disc hardened to 62 HRC with surface roughness of    0.3μm. The wear tests were performed at a 20 
N applied load, 1 m/s sliding speed and at four sliding distances for a total of 8 km. During the test, identical 
environmental conditions (22 ºC) were applied to all the tests in the laboratory. Wear samples (10 mm in diameter 
and 32 mm in length) were cut from the produced MMCs. Prior to the wear tests, optimum procedures for sample 
preparation such as grinding and polishing were followed to get repeatable results because roughness and flatness 
affect the wear process. The surfaces of the samples were ground by using 600, 800 and 1200 grit followed by 
polishing by using 6μm and 3 μm diamond pastes to obtain a surface roughness of     0.2 μm.  Next the samples 
were cleaned with acetone and weighed to an accuracy of ±0.0001g prior to testing and at every 2 km. The weight 
loss was converted to volumetric wear loss with the aid of a density measurement using Archimedes’ principle. The 
wear surfaces were then examined by scanning electron microscope (SEM).  
 
3. Results and Discussion 
 
3.1. Microstructural Analysis 
 
Fig. 2 shows the optical microscope images of the composites reinforced with 1%, 2.5% and 5% Al2O3 fabricated 
using conventional stirring. It can be seen that theAl2O3particles are mainly located in the eutectic of the liquid 
phase surrounding the dendritic Į Al grains and in the grain boundaries and that there is some porosity.  
It could be concluded that during solidification of thecomposite melt, Al2O3 particles are pushed by aluminum 
dendrites into the last freezing eutectic liquid and, consequently, Al2O3 particles are surrounded by silicon eutectic 
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[12].Therefore, the microstructure of the composites contains primary Į Al dendrites and eutectic silicon, while 
Al2O3particles are separated at inter-dendritic regions and in eutectic silicon. 
 
 
 
 
 
 
 
 
 
 
(a)                       (b)                     (c) 
Fig. 2. Optical microscope images of MMCs produced using conventional stirring reinforced with Al2O3at (a) 1% (b) 2.5% (c) 5%. 
Fig. 3 shows optical microscope images of the three composites fabricated using the cooling slope casting 
process. It is distinguished by rosettes and a globular primary phase matrix alloy structure. It can be seen that Al2O3 
particles are distributed more homogeneously within the matrix along the grain boundaries compared to 
conventional stirring. Alumina particles are visible not only in the eutectic region but they have infiltrated the 
primary phase as well. During mixing Al2O3p were placed not only in the liquid phase, but also in the solid phase of 
the semisolid melt. After the mixing was stopped, these particles were entrapped in both the liquid and solid phase. 
However, some porosity is also seen, but less than conventional stirring. It can also be seen that at lower weight 
fractions, the grains are more spheroidal in shape than at higher fractions. This decrease insphericity with increasing 
Al2O3p weight fraction can be attributed to the increasing viscosity due to the presence of Al2O3p in Al-Si eutectic.  
 
 
 
 
 
 
 
 
 
(a)                     (b)                        (c) 
Fig 3: Optical microscope images of MMCs produced using cooling slope casting reinforced with Al2O3at (a) 1% (b) 2.5% (c) 5%. 
Hardness tests were carried out with a Brinell hardness machine. The hardness values of the A356- Al2O3p 
composites are given in Table 2. As the weight fraction of alumina particles increases, the hardness increases as 
well. Thiscan be attributed to the fact that the hardness of Al2O3 is much greater than that of the matrix. The 
hardness values of the MMCs produced using semisolid processing are higher than those of the MMCs produced by 
conventional stirring because of the homogeneous distribution of Al2O3and also due to the decreasing in the grain 
size of the matrix. 
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                  Table 2.  Hardness values of A356- Al2O3 MMCs. 
 
Al2O3 (wt. %) Hardness(BHN) 
Conventional stirring casting Cooling slope casting 
1% 62 63 
2.5% 65 70 
5% 68 74 
 
3.2. Wear Studies 
 
Fig. 4 shows the volumetric wear losses of all MMCs atfour different sliding distances. It is evidentfrom the wear 
curves that the volume losses of all MMCs decrease with increasing Al2O3weight fraction and increasewith 
increasing sliding distance. However, the volume losses of all the MMCs produced by semisolid processing were 
significantly lower than thoseof MMCs produced by conventional stirring and this can clearly be seen as the weight 
fraction of Al2O3 increase. There is a good agreement between the hardness values given in Table 1 and the wear 
behaviour of the MMCs. The wear resistance of the MMCs increases with the increase in their hardness values. 
As seen in Fig. 5; the wear rate also increases with increasing sliding distance, while as the Al2O3 weight fraction 
increases, wear rate decreases. The wear rateswere in the range of 2.88 × ͳͲିହ - 17.86 × ͳͲିହ mm³/N.m for MMCs 
produced by semi solid processing and in the range of 8.26 × ͳͲିହ -19.47 × ͳͲିହmm³/N.m for MMCs produced by 
conventional stirring which wereall within the mild wear regime. In order to investigate the wear mechanism, the 
worn surfaces were examined under SEM. Fig. 6 shows the SEM micrographs of the worn surfaces of the MMCs 
produced using semisolid processing, tested at loads of 20 N. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Volumetric wear loss of MMCs produced by (a) conventional stirring and (b) semisolid processing. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Wear rates of MMCs produced by (a) conventional stirring and (b) semisolid processing. 
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Fig. 6(a) is a secondary electron image (SEI) of the wear tracks of A356 with 1% alumina produced using 
semisolid processing, which shows the surface topography, while Figure. 6(b) is a backscattered electron image 
(BEI) of the same region, where brighter contrast corresponds to higher average atomic number. Fig. 6(c) gives a 
higher magnification image from Fig. 6(a) and 6(b). The corresponding Energy-dispersive X-ray spectroscopy 
(EDS) analyses given in Figure.6d indicate that the grey regions in Fig. 6(c) correspond to Al-rich areas, although 
with some Fe transfer present and oxygen because; the wear test was done in an air environment. The bright contrast 
is predominantly Fe, indicating material transfer from the counterface with some oxygen. In general the surface 
showed a clear longitudinal abrasive grooves due to the ploughing effects of harder steel asperities, transfer, craters 
and micro-cracks within the Fe-rich regions and delimitation.  
Fig. 6(e) and 6(f) are SEIs of the wear tracks of 2.5% and 5% Al2O3 respectively. The surfaces exhibited abrasive 
scoring marks and, craters. 
Material loss under abrasive wear was removed by ploughing and micro-cutting. These mechanisms required 
penetration by hard abrasive particles which are controlled by the hardness of material. Therefore, hardness plays a 
significant role in controlling the wear rate during sliding wear. The formation of small craters on the worn surfaces 
is another feature of moderate wear.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig6: Micrographs showing the worn surfaces of MMCs produced by semisolid processing: (a) (SEI); (b) (BEI); (c) higher magnification; (d) 
corresponding EDS analysis of 1% Al2O3and,(e and f) (SEI) of 2.5% and, 5% Al2O3,respectively. 
 
4. Conclusion 
 
In this study, the wear properties of A356 MMCs containing (1%, 2.5% and 5%) weight fractions of Al2O3 
particles as the reinforcement were investigated. The MMCs were produced using conventional stirring casting 
process and cooling slope process at 620°C and subjected to wear tests. Uniform Al2O3 particle distributions within 
the matrix were observed. Cooling slope casting was found to have a significant influence on the shape and grain 
morphology of the MMCs. The hardness and wear resistance of the MMCs produced by cooling slope casting were 
found to be higher than those of the MMCs produced by using conventional stirring. The characteristics of the wear 
were dominated by transfer and, ploughing, with some delimitation. 
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